We compared the cost-utility analysis for edoxaban at both doses with that of dabigatran at both doses, rivaroxaban, and apixaban (non vitamin K antagonist oral anticoagulants, NOAC) in a German population. Data of clinical outcome events were taken from edoxaban's ENGAGE-AF, dabigatran's RE-LY, rivaroxaban's ROCKET, and apixaban's ARISTOTLE trials. The base-case analyses of a 65-year-old person with a CHADS2 score >1 gained 0.17 and 0.21 quality-adjusted life years over warfarin for 30 mg od and 60 mg od edoxaban, respectively. The incremental cost-effectiveness ratio was 50.000 and 68.000 euro per quality-adjusted life years for the higher and lower dose of edoxaban (Monte Carlo simulation). These findings were also similar to those for apixaban and more cost-effective than the other NOAC regimens. The current market costs for direct oral anticoagulants are high in relation to the quality of life gained from a German public health care insurance perspective. The willingness-to-pay threshold was lowest for 60 mg edoxaban compared to all direct oral anticoagulants and for 30 mg edoxaban compared to dabigatran and rivaroxaban.
Introduction
In a large prospective randomized double blind and double dummy study (ENGAGE-AF), once-daily dosing of the oral direct factor Xa inhibitor edoxaban 60 mg (dose adjusted to 30 mg) was noninferior warfarin for the prevention of the primary endpoint of stroke and systemic embolic events in patients with nonvalvular atrial fibrillation (NVAF), when compared to warfarin with INR (international normalized ratio) adjusted to 2 to 3; edoxaban 60 mg was also associated with a significantly lower rate of major bleeding and cardiovascular mortality [1] . Other nonvitamin K oral antagonist oral anticoagulants (NOAC, dabigatran, rivaroxaban, and apixaban) have proven to be superior or at least equivalent for stroke prevention and occurrence of severe bleeding complications in patients with NVAF compared to dose-adjusted warfarin. In the RE-LY trial 110 mg bid dabigatran was noninferior and 150 mg bid dabigatran was superior to dose-adjusted warfarin for prevention of stroke and systemic embolism and both doses resulted in less intracranial bleeding [2] . In the double blind ROCKET-AF trial patients on rivaroxaban 20 mg od had reduced rates of stroke and systemic embolism and comparable major bleeding incidences compared to warfarin [3] . In the double blind ARISTOTLE trial, apixaban was associated with lower rates of strokes and major bleeding and reduced incidence of cardiovascular deaths compared to warfarin [4] .
One of the main limitations for prescribing NOAC in real life is their higher daily price compared to warfarin. The pharmacoeconomic aspects of dabigatran, rivaroxaban, and apixaban were analysed for many countries. All have been demonstrated to be cost-effective in many countries for the health care system mainly based on the reduced incidence of major bleeding complications but also for some of the NOAC, due to a lower incidence of ischemic stroke and systemic embolism [5] . Related analyses include a willingness to pay, an incremental cost-effectiveness ratio (ICER) of a currency (euro, USD, or any other currency) per qualityadjusted life years (QALY) for dabigatran, rivaroxaban, or apixaban compared with warfarin. As the results of all these investigations were similar regarding the socioeconomic benefit of NOAC compared to warfarin, it was argued if these analyses have to be performed separately for every country. National guidelines for economic evaluation agree that a given country's unit costs should be applied to calculations of costs when adapting an analysis for local decision making [6] . As an example, lower prices for dabigatran in Europe compared with those in the USA were resulted in more favourable cost-effectiveness ratios despite smaller estimated gains in quality-adjusted survival [7] . Here we determined the cost-effectiveness of 60 mg od and 30 mg od edoxaban from a German payers perspective and compared the results with those obtained for the approved NOAC dabigatran (both doses 110 mg bid and 150 mg bid), rivaroxaban, and apixaban [5] .
Methods

Markov Decision Model and Data Sources.
We used the Markov decision model to analyse the QALYs, total costs (one-time costs for events, rehabilitation costs for inpatient and ambulatory care, inpatient medical treatment costs, and daily costs for drugs), and ICER based on the data of the ENGAGE-AF [1] study. The results were compared with our data previously derived from the RE-LY, ROCKET-AF, and ARISTOTLE trials [5] under a German health care insurance perspective. The following health states and outcome events were included: healthy with NVAF, transient ischemic attack, ischemic stroke (fatal, moderate to severe, and mild), haemorrhage (fatal, moderate to severe intracranial, mild intracranial, major noncerebral, and minor noncerebral), myocardial infarction (MI), recurrent and combined events, and cardiovascular mortality using the results from the ENGAGE-AF trial and costs for the German population [8] ( Figure 1 ). Definitions of these events were taken from the ENGAGE-AF study [1] . Event probabilities were not included if they were not reported consistently across the studies (systemic embolism, pulmonary embolism, hemorrhagic stroke, and bleeding in other locations) ( Table 1) .
For the base-case analysis we used a hypothetical population cohort of patients with the starting age of 65 years with NVAF who were at increased risk for stroke (CHADS2-score >1) with no contraindications to anticoagulation as reported in the ENGAGE study [1] . Our results were expressed in quality-adjusted life years (QALY), 2012 euro, and incremental cost-effectiveness ratios (ICER: total costs (C, edoxaban) -total costs (C, warfarin)/QALY (edoxban) -QALY (warfarin)). We applied utilities and costs to each outcome yearly or event driven and discounted costs and benefits at 5% annually [9, 10] . A half cycle correction was done for each model, using a cycle length of 1 year. We quantified QALYs, risk for adverse events, and net cost for a time horizon of 20 years for the German population [11] . This time frame is used for CEA investigations taking well in account the much shorter treatment period of the studies from which the data are used (12).
Probability of Adverse Outcome Events and of Endpoints.
The adverse outcome events and endpoints with the 95% confidence intervals (CIs) were taken from the ENGAGE-AF study [1] and were found to be similar with those reported by Freeman et al. [12] . Intention to treat (ITT) values were taken for ischemic stroke, myocardial infarction, death from cardiovascular cause, and death from nonvascular cause and on-treatment values (OT) for bleeding events (minor bleeding, major bleeding, and ICH) for calculations in the sensitivity analyses (Table 1 ).
Severity of Stroke and
Haemorrhage. Ischemic stroke was classified into fatal, moderate to severe, mild, and no neurologic deficit (4 categories) as reported [12] . A second mild ischemic stroke was defined to result in a moderate to severe ischemic stroke or death and a second moderate stroke in a severe ischemic stroke, reduced life quality, or death [13] .
Haemorrhage was categorized into fatal, ICH with moderate to severe neurologic sequelae, ICH with no neurological deficit, major extracerebral haemorrhage, and minor extracerebral haemorrhage [12, 13] . A moderate to severe ischemic stroke followed by an ICH was categorized into a moderate to severe neurologic outcome. Decrease of quality of life depended on the severity of outcome and resulted in different costs according to the German health care system [14] .
Mortality
Rates. The mortality rates (death from vascular cause and death from any other cause) were taken from the ENGAGE-AF study [1] . The annual rates for death from any other cause were taken from published German mortality tables [8] .
Quality of Life
Utilities. The quality-adjusted life years (QALY = survived life years adjusted for quality of life) [15] were calculated by multiplying the time spent within a health state with the corresponding utility value. The utility values for warfarin were taken from data on patients with NVAF who underwent time trade-off and standard gamble methods to estimate their quality of life [12, 16] . All utility values were discounted in our model [17] . A utility of "1" represents a completely healthy status and a utility of "0" represents death. The mean utility for warfarin was 0.987 [12, 16, 18] . The utility for edoxaban was estimated as published for ximelagatran [12, 18] , dabigatran, rivaroxaban, and apixaban [5, 12, 13, 16, [18] [19] [20] [21] [22] . [8] im Krankenhaus, InEK) which included German-diagnosis related groups (G-DRGs) [14] and were expressed in euro and reflected from the health care insurance perspective in Germany in 2012. Costs for bleeding events are not included in the G-DRGs and were taken from the literature [23] . Of note, our analysis did not include indirect costs and they were calculated over a time horizon of 20 years for the German population [11] with a discount of 5% (0% and 10% in the sensitivity analyses) per year [9, 10, 24, 25] . Rehabilitation costs were included following ischemic strokes, ICH, and myocardial infraction, but not major bleedings without need for rehabilitation. Cost for warfarin therapy, a mean of three-week interval for INR measurements with patient office visits, was set at 153C annually [26, 27] . The retail costs and daily costs for edoxaban according to costs of other NOACs (3.37 Euro per day) and phenprocoumon (0.20C per day) were taken from pharmacies and the "red list" (German equivalent of "The Physicians' Desk Reference Manual" in USA, e.g.) [26] . Total costs for the drugs warfarin respected the event costs according to the InEK. These entries were used to examine the cost-effectiveness based on the event probabilities (Tables  1 and 3 ).
Costs for
Sensitivity Analyses.
One-way sensitivity analyses of all variables were included in the decision models over their plausible ranges. Ranges for clinical events were derived from confidence intervals (CI) for event probabilities [1] . Medication costs for edoxaban and phenprocoumon were included as reported above. Two-way sensitivity analyses were performed for combinations of stroke and ICH using the values of warfarin [1] .
Probabilistic Sensitivity Analysis.
The Monte Carlo simulations (MCS) were made using random sampling and random distribution of variables for 10 000. Beta-distribution of the event probabilities was assumed for the calculation except for subcategories of stroke using Dirichlet distribution [12] . The Dirichlet distribution was chosen to show the probability of our subclassifications. Maximum and minimum ranges of costs for each adverse event were calculated using the German InEK and a gamma-and log normal distribution. 
Results
Base-Case Analysis, One-Way Sensitivity Analyses, and
Two-Way Sensitivity Analysis. The calculated QALY, the total costs, and the ICER with edoxaban and warfarin are shown in Tables 2 and 3 . For comparison the data derived from the outcome events of the RE-LY, ROCKET-AF, and ARISTOTLE trials are included as published [5] . The ICER for edoxaban 60 mg was lower compared to edoxaban 30 mg daily. Compared to the other NOAC regimens, edoxaban 60 mg had the lowest ICER (Table 4) . This difference is mainly due to the lower QALY of the warfarin group in the ENGAGE-AF study compared to the other studies.
The results of the one-way sensitivity analysis showed that the costs for edoxaban (both doses), the quality of life utilities, the treatment of ischemic stroke, and the treatment of major and intracerebral bleeding complications were important values in our model. Edoxaban and apixaban thus were most cost-effective compared to the other NOAC [5] .
Two-Way Sensitivity Analyses.
The two-way sensitivity analyses of key variables for varying risk rates for ischemic stroke and intracerebral haemorrhage showed that both doses of edoxaban were preferable as a therapy for combinations of moderate to high risks for ischemic stroke and high risk of intracerebral haemorrhage at a set willingness to pay of 50.000C per QALY against INR-dose-adjusted warfarin. These findings were also similar to those for apixaban and more cost-effective than the other NOAC regimens [5] . Using the probabilistic sensitivity analysis (PSA) in the Monte Carlo simulation by varying all variables simultaneously resulted in a willingness-to-pay threshold (PSA ICER) of 52.000C per QALY for edoxaban 60 mg od and 69.600C per QALY for edoxaban 30 mg od (Table 4) . A similar market price was assumed for edoxaban at both doses as for the other NOAC. These data were similar to the base-case results and similar to apixaban and lower than for rivaroxaban and dabigatran at both doses as reported earlier [5] . The analysis demonstrates the cost-effectiveness of both doses of edoxaban for prevention of cerebral and noncerebral embolic events in patients with nonvalvular AF. The ICERs are comparable to apixaban and lower compared to dabigatran at both doses and rivaroxaban, despite an almost identical daily price for all NOACs.
Probabilistic Sensitivity Analyses: Monte Carlo Simulation.
The various willingness-to-pay thresholds were analysed by using the probabilistic sensitivity analysis (PSA) in the Monte Carlo simulation (MCS) and varying all variables simultaneously. As a result edoxaban 60 mg od and edoxaban 30 mg od were cost-effective at willingness-to-pay threshold of 52.000C per QALY and 67.000C per QALY higher (Figure 2) . The results of the cost-effectiveness at willingness-to-pay thresholds for the other NOAC treatment regimens are shown for comparison at Krejczy et al. [5] . The PSA results were similar to the base-case results.
Subgroup Analyses.
Total costs increased and the ICER decreased in a base-case analysis for a 65-to 85-yearold cohort from the German public health care insurance perspective excluding a discount for costs and utility values.
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Discussion
The present study shows that the two dosage regimens of edoxaban 60 mg od and edoxaban 30 mg od are nearly costeffective bid for prevention of ischemic stroke and systemic embolic events in patients with NVAF based on the data of the ENGAGE-AF study based on a societal willingness to pay comparable to data from other countries. Comparing these data obtained with the other four treatment regimens with dabigatran 110 mg bid, dabigatran 150 mg bid (RE-LY study [2] ), rivaroxaban 20 mg od (ROCKET-AF study [3] ), and apixaban 5 mg (ARISTOTLE trial [4] ) which are available in Germany and many other countries edoxaban 60 mg was the most cost-effective followed by apixaban 5 mg bid, edoxaban 30 mg od, and the 3 remaining treatment regimens (Table 4) . Of note these data were obtained using the same inputs into the Markov model based on the German insurance system. From the public health care insurance view, only edoxaban 60 mg od treatment was nearly cost-effective at a hypothetical willingness-to-pay threshold of 50.000 EUR for patients at a moderate or higher risk of stroke (CHADS2-score >1) compared to INR-adjusted warfarin with current German market costs. Similar analyses were reported for the two doses of dabigatran based on the health care costs and willingness to pay in USA [12, 13] , Canada [28] , United Kingdom [29, 30] , Denmark [31] , Sweden [32] , and Portugal [33] , for rivaroxaban in USA [34] , for all three NOACs in USA [35] , Canada [36] , Germany [5] , and Italy [37] , and as a comparative analysis for dabigatran and rivaroxaban in Canada [38] . All analyses for dabigatran used the Markov model for calculation of the QALYs and ICERs and a one-way and two-way sensitivity analysis. In addition, we calculated these data for rivaroxaban and apixaban as well as for a certain range of daily costs for warfarin and daily costs of the NOACs for Germany. The cost data we used for the Markov model were comparable to those used in other countries [12, [28] [29] [30] [31] 34] . Despite differences in model designs and structures of the cost-effectiveness analyses, it was mostly possible to replicate the results published by different authors in different countries like USA, UK, and Canada and identify variables responsible for differences between ICERs using a reference model approach [39] . All analyses for dabigatran used the Markov model for calculation of the QALYs and ICERs and a one-way and two-way sensitivity analysis. In addition, we calculated these data for rivaroxaban and apixaban as well as for a certain range of daily costs for warfarin and daily costs of the NOACs for Germany. The cost data we used for the Markov model were comparable to those used in other countries [5, 12, [28] [29] [30] [31] 34] . This enables a better interpretation of published findings by focusing attention on the assumptions underlying the key model features accounting for differences [39] . A real patient data analysis favoured dabigatran for stroke prophylaxis in patients with nonvalvular AF under the current hospital's perspective in a Hong Kong teaching hospital and provided a reference for further comparisons under patient and subsidization perspectives [40] .
Limitations of pharmacoeconomic analyses include that they are not prespecified. Therefore the trials did not include patient-level documentation of medical resource use for estimates of total medical costs and administration of the EQ-5D for evaluation of health preferences (i.e., quality of life). The economic evaluation is more dependent on assumptions to calculate costs and the use of literature-based estimates of quality of life to generate QALYs [7] . Other limitations include differences between the studies: open [2] versus double blind study design [1, 3, 4] , age, gender, creatinine clearance, CHADS2 score, history of stroke, previous therapy with warfarin, time in therapeutic range (TTR) of the INR, other biographic data of patients, and reporting minor and nonmajor bleeding complications. It has to be considered that the TTR of the INR may be higher in the studies if anticoagulation clinics such as in The Netherlands or in Italy or self-monitoring systems are used. Therefore, the individual warfarin-control groups of every study have to , and apixaban 5 mg bid (f) compared to warfarin (results obtained from data of every NOAC study) with current market prices for a population starting with 65 years from a German health insurance perspective (reproduction of (c) to (f) with permission of the publisher of [5] ).
be used for such investigations [41] . Other limitations of the study are the extrapolation from the shorter treatment period of the studies to a 20-year-time horizon for the costeffectiveness analysis, the fact that the willingness to pay may be set to a lower range of 20.000 to 30.000C, and the fact that in Germany no willingness-to-pay threshold exists for the health insurance system. This has to be respected for a comparison of the data across countries. The amount of willingness to pay depends substantially on the market price of the NOAC. It may be assumed that they will be reduced over time by the several economic fine-tunings. The lack of head-to-head trials makes it difficult to determine the most cost-effective agent [42] . Therefore we performed our costeffectiveness analysis strictly only using the results of the individual studies without indirect treatment comparisons and German mortality tables to decrease the variance of the results [5] .
In conclusion, edoxaban in addition to apixaban may be regarded as the most cost-effective NOAC from a German public health care insurance perspective. The larger reduction in medical cost was mainly driven by reductions in the risks major bleeding events. Additional real life use of NOAC has to substantiate the present results for specific countries, which should be collected with a support of scientific and other independent organizations.
